Abstract This paper presents a new laser lock-in thermography (LLT) technique for nondestructive evaluation. LLT utilizes a modulated continuous wave laser beam as a heat source to obtain high fidelity thermal wave images even at the presence of background heat disturbances. The thermal waves propagating along the surface and through-the-thickness directions of a structure are visualized using newly developed laser lock-in amplitude and phase images, enhancing the detectability of surface and subsurface defects. The LLT technique is numerically investigated and experimentally validated using thermal images obtained from a steel specimen with low emissivity.
Introduction

Infrared (IR) thermography techniques developed for nondestructive evaluation (NDE)
are gaining popularity because they are noncontact, nonintrusive, rapidly deployable and applicable under harsh environments. The IR techniques can be classified into two groups:
active and passive ones. Pulse phase thermography [1] [2] [3] , lock-in thermography [3, 4] and frequency modulated thermography [5, 6] To overcome the limitations, laser thermography techniques are recently proposed [7, 8] .
When a laser beam is used as a heating source, it can be transmitted over a long distance with little energy loss and precisely focused on a specific target point. Moreover, the laser beam can generates thermal waves propagating along the transverse direction, thus enabling to detect a surface defect. On the other hand, the laser thermography is often insensitive to a subsurface defect, and its application is confined to materials with high emissivity. When a laser beam is applied to a target structure with low emissivity, the majority of the transmitted laser beam is reflected and only small fraction is absorbed by the structure, making it difficult to create thermal waves. Furthermore, a high level of heat reflection caused by surrounding random heat sources hinders an IR camera from measuring actual surface thermal waves. A special surface coating can be applied to increase the emissivity [7] , but such surface treatment can be cumbersome and have limited uses. Instead, a substantially high power laser beam can be employed to have the structure absorb more energy, but then the repeated exposure of the target surface to the high power laser may cause surface ablation [9] .
To cope with the prescribed limitations of the laser thermography, we propose a new thermal wave imaging technique coined as laser lock-in thermography (LLT) in this paper. The main advantages of LLT are that (1) thermal wave propagation can be visualized even when heat disturbances emitted from other surrounding heat sources are reflected from the target surface, (2) the detectability of surface and subsurface defects can be enhanced using lock-in amplitude and phase images and (3) the surface ablation can be avoided by employing a continuous wave (CW) laser source with low peak power for thermal wave generation.
Laser Lock-in Thermography
Principle
The principle of LLT is as follows. The CW laser beam with a periodic square waveform as shown in Fig. 1 Note that the heat convection condition between the surface of the plate model and air is adopted in the simulation. 5,0,t), A3=(1,0,t) and A4= (1.5,0,t). Then, B1=(6,0,t), B2=(6.5,0,t), B3= (7,0,t) and B4=(7. 5,0,t) . Note that the laser beam radius is 5 mm, and r is in mm.
Once R(r,θ,t) is obtained by an IR camera on the target surface, the lock-in amplitude at a specific spatial point is defined as:
where 0 < t T/2. Then, the lock-in phase at a ≤ specific spatial point is computed as:
where T/2 < t T. Here, the spatial coordinate ≤ (r,θ) is omitted from both A(t) and ϕ(t) for simplicity.
Physical Interpretation To offer the physical interpretations of A(t)
and ϕ(t), their spatial and temporal variations are shown in Fig. 3 .
(1) Lock-in amplitude: Fig. 3 and cooling processes improves a signal-to-noise ratio.
Experimental Investigation
Experimental Setup
The effectiveness of the proposed LLT technique for a laser-induced thermal wave imaging is experimentally examined. To achieve this, a LLT system is built in as shown in 
Experimental Results
The representative snapshots of the raw thermal images at 5, 10, 15 and 20 seconds are shown in Fig. 5(a) . Here, T=20 second. The heat emitted from the IR camera is reflected from the specimen and captured by the IR camera, creating the rectangular thermal pattern throughout the whole snapshots. Overwhelmed by this IR camera heat, laser-induced thermal waves cannot be observed properly.
In the lock-in amplitude images obtained from t=1, 4, 7 and 10 seconds, the IR camera pattern is completely removed and only the laser-induced thermal waves are clearly shown in Fig. 5(b) . In region B, A B (t) gradually increases and grows outward, showing    propagation along the surface during the heating process as expected in Fig. 3(b) . Similarly, the IR camera pattern is entirely eliminated from the lock-in phase images in Fig. 5 
Conclusion
In this paper, a new laser thermography named laser lock-in thermography (LLT) is proposed for nondestructive evaluation (NDE) and its working principle and advantages are demonstrated. LLT makes it possible to visualize laser-induced thermal waves even at the presence of other unwanted surrounding heat sources and without any special surface treatment. Furthermore, potential surface ablation can be avoided thanks to the use of a CW laser with lower peak power. Then, LLT visualizes transverse and longitudinal thermal wave propagations using lock-in amplitude and phase images with the possibility of enhancing the detectability of surface and subsurface defects, respectively. Although thermal wave propagation images obtained by a single point laser excitation are demonstrated in this paper, NDE for a large structure can be achieved via laser source scanning.
